Abstract: A study of soil nutrient hotspots was conducted by sampling two forest soils both destructively and with resin-based methods. In conjunction with the soil sampling, O horizon interflow collectors were established near each plot. Based on previous work, we hypothesized that nutrient hotspots existed in the soils and that they would be more common for less abundant than more abundant nutrients. We also hypothesized that nutrient-enriched O horizon interflow was occurring at these sites and could cause hotspots where it enters the soil in preferential flow paths. The first hypothesis was only partially supported: Hotspots, as indicated by significant positive skew and statistical outliers, occurred not only for least abundant nutrients, but also for nearly all measured nutrients by various methods. The second hypothesis was supported: O horizon interflow did occur, was enriched in nutrients, and could well have caused some nutrient hotspots. We found one candidate for such a hotspot where extreme outliers for all but one water-extractable nutrient was identified.
T he importance of soil nutrient hotspots is becoming increasingly recognized in terms of both plant nutrition and water quality (Bownkowski et al., 2000; Bruckner et al., 1999; Bundt et al., 2001; Ettema and Wardle, 2002; Korsaeth et al., 2001; McClain et al., 2003; Robertson et al., 1997; Schimel and Bennett, 2004; Wang and Bakken, 1997a and b) . McClain et al. (2003) define biogeochemical hotspots as ''areas (or patches) that show disproportionately high reaction rates relative to the surrounding area (or matrix).'' Such patches have long been recognized in semiarid soils, where ''islands of fertility'' occur near widely spaced shrubs or patches of vegetation (Charley and West, 1977; Halvorson et al., 1994; Mueller et al., 2008; Schlesinger et al., 1996) . Smaller-scale spatial variability in soil nutrients has also been found to enhance plant uptake in some cases (Bonkowski et al., 2000; Wang and Bakken, 1997a and b) but not all (Hodge et al., 2000) . In a recent review, Schimel and Bennett (2004) highlighted the importance of hotspots as sources of nutrients to plant roots, which are otherwise outcompeted by microbes in the rest of the soil matrix. Bundt et al. (2001) found that preferential flow paths for water in soils provide a localized environment favorable for enhanced microbial activity and nutrient enrichment. Unfortunately, biogeochemical studies must of necessity bury information on hotspots by averaging soil nutrient values (either arithmetically or by simply bulking samples in the field) on a mass per unit area (kg ha j1 ) scale, where they can be meaningfully compared with nutrient contents in vegetation (Cole and Rapp, 1981; Likens et al., 1977; Swank and Crossley, 1987; Johnson and Lindberg, 1991) .
In a previous article, we revisited existing data sets from several forested sites in the eastern Sierra Nevada Mountains for the presence of soil nutrient hotspots (Johnson et al., 2010) . We found evidence for soil NH 4 + , NO 3 j , and mineral N hotspots in the form of consistent, positive skew and the presence of statistical outliers in soils, resin lysimeters, and resin capsules. Other measured nutrients (extractable P, Mg ) also showed positive skew and outliers, but less so than NH 4 + , NO 3 j , and mineral N. Calcium stood out among measured nutrients as having the fewest outliers and the lowest (sometimes negative) skew. The differences in distributions of these nutrients seemed to reflect the differences in biological competition as indexed by their abundances (Ca 2+ being the most abundant and mineral N the least). Another possible nonbiological reason for the existence of soil nutrient hotspots in these systems is preferential flow of nutrient-rich O horizon interflow waters (Miller et al., 2005) . Because of the lack of rooting in the O horizons of these systems (due to extreme summer drought), decomposition/nutrient mineralization and vegetation uptake processes are spatially discoupled, and the intense competition for N between roots and decomposers that characterizes the more humid forest soils is absent (Stark, 1973; Johnson et al., 2009 ). Because of this vertical discoupling, nutrients released during decomposition in O horizons are not immediately taken up and are solubilized by rain or snowmelt, creating solutions with very high inorganic N and P concentrations, which presumably infiltrate the soil at preferential flow paths (Miller et al., 2005 (Miller et al., , 2006 .
In this article, we report the results of a study specifically designed to detect hotspots and ascertain the possible causes in a site in the western Sierra Nevada Mountains (Kings River experimental watersheds [KREW] ) (Johnson et al., 2010) . Based on previous studies, we posed the following hypotheses: (i) Nutrient hotspots exist in these soils, and they will be more common for less abundant than for more abundant nutrients. (ii) Nutrient-enriched O horizon interflow occurs at these sites and could cause hotspots where it enters the soil in preferential flow paths.
SITE AND METHODS
The KREW were established in 2000 to develop data on the variability of headwater ecosystems of the southern Sierra Nevada and to study the effects of forest management activities (mechanical thinning and prescribed fire) designed to improve the sustainability of the ecosystem. This study was conducted at two sites within one of the lower elevation (Providence) watersheds: Plot 1 was located at an elevation of 1980 m on a Shaver series soil (coarse-loamy, mixed mesic Pachic Xerumbrepts derived from granite). Overstory vegetation consists of mixed conifer, which has a species mix of one-third ponderosa and sugar pine (Pinus ponderosa and Pinus lambertiana), one-third incense cedar (Calocedrus decurrens), and one-third white fir (Abies concolor). Plot 2 was located at an elevation of 1,910 m also on a Shaver series soil with mixed conifer vegetation, but with denser vegetation than in Plot 1.
At both sites, a 6 Â 6-m grid was established with sampling nodes at each 2-m interval (four per side, 16 total). Within the 6 Â 6-m grid, a nested plot 2 Â 2 m in size was subdivided into 0.67-m interval sampling points (four per side), the outer nodes serving as grid points for both the larger and smaller grids (Fig. 1) . The 0.67-m spacing of the inner grid was chosen as an interval over which we could install resin collectors and take soil samples without undue disturbance to the entire plot.
In August 2008, we installed two resin-based collectors at each of the 28 node points in each plot: Plant Root Simulator (PRS) probes (Western Agricultural Innovations, Saskatoon, Saskatchewan, Canada) and UNIBEST PST-1 resin capsules. These collectors were installed at the O horizonYmineral soil interface within 10 cm of each grid point as follows. Capsules were installed at the bottom of the O horizon; PRS probes, being more elongated, were exposed to a 10-cm depth of O horizon from the bottom. Both resin devices were exposed over the winter snow season and retrieved in May 2009. The PRS probes and resin capsules were washed with distilled water to remove adhering soil. The capsules were then extracted with three sequential 20-mL solutions of 2 M KCl on a platform shaker for 20 min each. The combined extractant solution (60 mL) was sent to the Oklahoma State University Soil, Water and Forage Laboratory (SWAFL). At SWAFL, NH 4 + NO 3 j , and ortho-P were analyzed on a Lachat 8000 flow-injection analyzer (Hach Co., Loveland, CO), and Ca
2+
, Mg
, and Na + were analyzed using a Jarrell Ash inductively coupled plasma spectrophotometer (Thermo Jarrell Ash Corp., Franklin, MA). The PRS probes were sent to Western Ag Innovations, Saskatoon, Canada, for extraction. At Western Ag, the probes were extracted with 17.5 mL of 0.5 N HCl for 1 h in a polyethylene lock bag, and the extractant was analyzed for NH 4 + and NO 3 j colorimetrically using a Technicon Autoanalyzer II (Seal Analytical, Mequon, WI). The remaining nutrients (P, S, Ca, Mg, Na, B, Cu, Mn, Zn) were analyzed with the use of inductively coupled plasma emission spectroscopy (Perkin Elmer Optima 3000-DV ICP; Perkin Elmer, Inc., Shelton, CT). The values for both probes were reported in units of Hmol cm j2 of resin surface.
Just after removal of the resin collectors, cores of O horizon and surface mineral soil were taken at each grid point using a soil corer (5-cm diameter, 5-cm depth). These samples were separated into O horizon and mineral soil in the field and bagged. Depths of O horizon were also measured in the field. In the laboratory, the samples were air dried at 55-C, weighed, and homogenized. Sub-samples of the O horizon were ground in a Wiley Mill and sent to A&L Agricultural Laboratories, Modesto, California, for total nutrient analyses. At A&L, O horizon samples were analyzed for total N, P, K, Ca, Mg, and S. Total N was analyzed using a dry combustion C and N analyzer (LECO, St. Joseph, MI). Phosphorus, K, Ca, Mg, and S in the organic horizon portions of the cores were analyzed using a Jarrell Ash ion coupled plasma spectrophotometer (ICP; Thermo Jarrell Ash Corp.) after microwave digestion (Method 985.01, Association of Official Analytical Chemists) in a nitric acid hydrogen/ peroxide mixture. Separate sub-samples of O horizon were leached with distilled water using a Mechanical Vacuum Extractor (Centurian Corp., Lincoln, NE), with 5 g O horizon material (unground) and Na + at the University of Nevada Soil Laboratory using a Dionex ICS-3000 ion chromatograph (Sunnyvale, CA).
All mineral soil samples were oven dried at 55-C for 48 h (lower temperatures were used to avoid NH 4 + volatilization), sieved to 2 mm, and analyzed for nutrients. Sub-samples were sent to Oklahoma State University SWAFL. At SWAFL, total C and N were analyzed using a dry combustion C and N analyzer (LECO). For soil NH 4 + and NO 3 j , 10 g of oven-dried ground soil was shaken with 20 mL of 1 M KCl for 30 min followed by analysis on a Lachat 8000 flow-injection analyzer (Hach Co.). Another set of sub-samples was extracted for exchangeable Ca 2+ , K + , and Mg 2+ at the University of NevadaYReno soils laboratory (5 g soil in 40 mL 1 N ammonium chloride followed by inductively coupled plasma emission spectroscopy (ICP) analysis). Because of limited sample size, analyses of extractable P and S other than by water were not conducted. Moran's I statistic indicates a positive (negative) autocorrelation if the observed value is greater (less) than the expected value (j0.037 in all cases). Geary's c statistic is positive (negative) if the observed value is less (greater) than the expected value (1.00 in all cases). Bold font indicates statistically significant effect, P G 0.05.
Near each of the study plots, three O horizon interflow collectors of the design by Miller et al. (2005) were installed. This collector is designed to collect runoff through the litter layer and just above the mineral soil. The device consists of a buried collection bucket approximately 8 L in volume fitted with a funnel covered with a screen to minimize organic debris attached to vent stack roof flashing. The vent stack roof flashing is positioned at the interface of the O horizon and the mineral soil. A vent tube and a suction tube installed on the bucket allow for sample collection. Collections were made over the 2008Y2009 snow season and analyzed for NH 4 + , NO 3 j , ortho-P, SO 4 2j , Cl j , Ca 2+ , K + , Mg 2+ , and Na + using the ion chromatograph at the University of Nevada Reno soil laboratory.
Statistical Analyses
Each nutrient by each extraction method was analyzed (by plot) for spatial autocorrelation using PROC VARIOGRAM in SAS (2008) . After visual checking for surface trends using twodimensional plots, exploratory analysis under the NOVARIOGRAM option showed that a lag distance of 0.667 m and a lag step of nine provided the appropriate number of observations (930) in all but the last two lag step categories (16 observations for Category 8 and 20 for Category 9). Subsequent analyses of each measured nutrient in each plot (total of 126 analyses) were conducted using PROC VARIOGRAM, accepting P G 0.05 probabilities for significance for Moran's I or Geary's c statistics.
Each data set was analyzed for the presence of outliers, extreme outliers and for skewness using DataDesk software (Velleman, 1997) . The value for positive extreme outliers was determined by the equation:
where x = the value, Q3 = the third quartile value (75th percentile), and IQR = interquartile range (range from 25th to 75th percentile). The equation for a negative extreme outlier is
where Q1 = the first quartile (25th percentile). The respective equations for moderate positive and negative outliers are
Values for skewness (skw) are
where M 2 ¼~ðyiÀÞ 2=n ½6 M 3 ¼~ðyiÀÞ 3=n ½7 A value for skewness is considered significant if twice the S.E. does not overlap zero (Brown, 1997) . Accordingly, two values for skewness will be judged as significantly different from each other if their mean values T2 Â the S.E. do not overlap. The S.E. of skewness (SES) is approximated by (Brown, 1997) :
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Pearson correlation coefficients and regression analyses were conducted using DataDesk software (Velleman, 1997) .
RESULTS

Semivariogram Analyses
Spatial autocorrelation analyses by individual nutrient and analysis method using PROC VARIOGRAM revealed significant probabilities for Moran's I statistic in only 4 of 126 cases, and all of these were negative (meaning that variability increased with decreasing distance between samples) ( Table 1 ). Geary's c statistic was significant in four cases also, but three of them were for different parameters than were significant for Moran's I. This is not totally unexpected, as Moran's I statistic measures overall autocorrelation, whereas Geary's c measures local autocorrelation (SAS, 2008) . Of the four cases where Geary's c statistic was significant, one was negative, leaving only three cases with positive autocorrelation: total Ca concentration in the O horizon in Plot 2, and water-and KCl-extractable NO 3 j concentrations in Plot 1. Semivariograms of these cases are shown in Fig. 2 . In each case, there seems to be no nugget and a possible sill at approximately 8 m using the classic estimates. Using the robust estimates, however (which place less emphasis on extreme values), the patterns look linear, with no nugget and no sill within the areal confines of the study plots. Given the very limited number of cases where significant autocorrelation was found, we did not further pursue this line of inquiry with curve fitting and other analyses. Indeed, these three cases represent less than 5% of the total number of cases and therefore may essentially represent a Type I error. We conclude that in the vast majority of cases, where no spatial autocorrelations were found, the sizes of the hotspots are less than 0.667 m, the lag distance used in these analyses. Thus, the remainder of this discussion focuses on analyses of the different sample types (O horizons, soils, resin-based measurements) and their relationships by individual grid points. Table 2 presents the means, minimum and maximum values, skew, and moderate and extreme outliers for the O horizons (mass, nutrient concentrations, and nutrient contents). The relative abundances of total element concentrations are N 9 Ca 99 Mg 9 K , P 9 S 9 Na. The occurrence of potential hotspots in O horizon total concentrations, as indicated by skew and outliers, is inconsistent between plots and nutrients. Sodium, the least abundant element in total concentration, displays positive skew in both plots, but an outlier (extreme) only in Plot 2 (Table 2) . When O horizon concentrations were converted to contents (g m j2 ), patterns changed. O horizon mass displayed significant positive skew in both plots, an extreme outlier in Plot 1 and a moderate outlier in Plot 2 ( Table 2 ). As expected, the patterns in O horizon mass had a strong influence on nutrient contents. O horizon total nutrient contents displayed significant positive skew in 12 of 16 cases, and water-extractable contents displayed significant positive skew in 18 of 20 cases. Moderate or extreme positive outliers for total nutrient content occurred for all but K in Plot 2, and only one negative outlier occurred (moderate for S in Plot 2). Moderate or extreme positive outliers occurred for O horizon water-extractable nutrient contents in 18 of 20 cases, and no negative outliers occurred. The relative abundances of total element contents differed slightly from total concentrations: Ca 9 N 99 Mg 9 K , P 9 S 9 Na, and were unrelated to skew or the presence outliers. The order of abundance in waterextractable ion contents in O horizons was similar to that of concentrations:
Measurements on Soil Cores
, Na + 9 NO 3 j and was also unrelated to skew or the presence of outliers. Table 3 presents the means, minimum and maximum values, skew, and moderate and extreme outliers for the mineral soils. It is clear from the prevalence of positive skew and the presence of outliers that hotspots existed for most measured soil nutrients in the KREW soils, especially in the water-extractable fraction. Significant positive skew occurred for total C in both plots, total N in Plot 1 and C:N ratio in Plot 2. Significant positive skew occurred for 11 of 14 cases for NH 4 Cl/KCl-extractable nutrients, and 17 of 20 cases for the water-extractable nutrients (Table 3) . Moderate or extreme positive outliers occurred in both plots for total C, total N, and C:N ratio and moderate negative outliers occurred for C:N ratio in both plots. Moderate or extreme positive outliers occurred in 12 of 14 cases for the NH 4 Cl/KCl-extractable nutrients and in 18 of 20 cases for the water-extractable nutrients. A negative outlier occurred in only one case among the extractable nutrients (moderate, for NH 4 Cl-extractable K + in Plot 2). It is notable that extreme positive outliers occurred for all but ortho-P among water-extractable nutrients in Plot 1; this will be further explored later in the article.
The , NO 3 j 9 ortho-P and was also unrelated to skew or the presence of outliers. 
Spatial Correlations Between O Horizons and Mineral Soils
One possible cause of nutrient hotspots in mineral soils is the nutrient content of overlying O horizons. Pearson product moment correlation coefficients were determined for all possible combinations of O horizon mass, total and water-extractable nutrient concentrations, and contents against soil total C, N, C:N ratio, NH 4 Cl/KCl-and water-extractable nutrient concentrations (not shown). All correlation coefficients were low (r G 0.50), and In general, the correlations between different extractants for the same nutrient in the same sample type (O horizon or mineral soil) were very poor. Pearson product moment correlation coefficients for total nutrients against water-extractable nutrients in O horizons showed low but significant, positive correlations for K + , Ca 2+ , and Mg 2+ in both plots and for N in Plot 2 (Table 5 ). In mineral soils, there were low but statistically significant correlations between soil total N or C:N ratio and KCl-extractable mineral N in Plot 2 but not in Plot 1 (Table 6 ). There were no significant correlations between total N or C:N ratio and water-extractable mineral N (NH 4 + + NO 3 j ) in either plot (Table 6 ). Correlations between NH 4 Cl/KCl-and waterextractable nutrients were nonsignificant for all but 4 of 12 cases (K + in Plot 2, NH 4 + in both plots, and NO 3 j in Plot 1) ( Table 6 ). With very few exceptions, resin-based measurements did not significantly correlate with either soil or O horizon measurements (not shown). Exceptions included weak correlations between PRS Mg 2+ and O horizon total Mg content in Plot 1 (r = 0.415), between capsule ortho-P and total P concentration in O horizons in Plot 2 (r = 0.521), between PRS ortho-P and waterextractable ortho-P from O horizons in Plot 2 (r = 0.425), and between PRS SO 4 2j and both total S (r = 0.382) and waterextractable SO 4 2j concentrations (r = 0.392) in Plot 2.
Correlations Among Nutrients
Given that extreme outliers exist for several measured nutrients, the question arises as to whether hotspots for different nutrients are spatially colocated or distributed independently from one another. As an initial screening of this question, we examined Pearson product moment correlation coefficients for all measured nutrients in each sampling category (O horizon, soils, PRS probes, capsules) in each plot (Table 7) . Although there are many statistically significant correlations, patterns were mostly not consistent between plots or collection types. Exceptions include Ca 2+ and Mg
2+
, which were highly correlated in soils, capsules, and, to some degree, in O horizons (with the exception of total concentrations in Plot 1). Ca 2+ and Mg 2+ were not significantly correlated in PRS probes measurements, however. Correlation coefficients were also high (9 0.8) in other cases, such as between ortho-P and both Ca 2+ and Mg 2+ in capsules, but no consistent patterns among sample categories were noted.
Soil organic matter is of particular interest in that it is often thought of as the master variable controlling soil quality and fertility (Karlen et al., 1997) . Table 8 gives Pearson product moment correlation coefficients for soil organic C against all other measured soil nutrient concentrations. The correlations between total C and total N were quite high, as expected, but the correlation between total C and C:N ratio was significant only in Plot 1. Similarly, the correlations between soil total C and NH 4 Cl-extractable Ca 2+ and Mg 2+ and with water-extractable Mg 2+ were significant in Plot 1, as would be expected from the effect of organic matter on cation exchange capacity. These correlation coefficients were lower and nonsignificant in Plot 2, however. Soil total C was significantly correlated with KClextractable NH 4 + and NO 3 j and with water-extractable NO 3 j in Plot 2 but not in Plot 1. Thus, we did not find that soil organic matter was a reliable, consistent predictor of nutrient availability in these soils.
The high correlations among all water-extractable soil nutrients except ortho-P in Plot 1 are worthy of further investigation, however. The spatial relationships among nutrients are visually summarized in Figs. 4 and 5. Here we present bubble plots of the weighted sum of nutrients (WSN) value for each grid point:
where WSN = weighted sum of nutrients, FN = nutrient concentration or content expressed as fraction of maximum value for the plot, and n = total number of nutrients measured per plot. In each case, the moderate and extreme outliers are shown.
The WSN values for O horizons show various grid points as moderate outliers for total and water-extractable concentrations and contents, but no extreme outliers (Fig. 4) . Weighted sum of nutrient values for the soils indicates an extreme outlier for water-extractable nutrients at grid point 0,2 in Plot 1, where most nutrients are at their highest value (Fig. 5) . Further investigation of the hotspot(s) for water-extractable ions in Plot 1 revealed that grid point 0,2 is in fact the greatest value and single extreme for all measured ions with the exception of ortho-P, where it was the second highest value (Fig. 6) . No other sample type showed such a pattern of multinutrient hotspot at one particular grid point.
O Horizon Interflow
As hypothesized, we did find O horizon interflow in these sites, and it was at times highly enriched in nutrient ions. As noted by Miller et al. (2005) for sites in the Eastern Sierra Nevada, O horizon solutions at the KREW sites are characterized by very high variability and elevated nutrient concentrations compared with those in soil solutions and streamwaters. Ammonium-N concentrations ranged from less than 0.1 to ), and ortho-P concentrations ranged from less than 0.1 to 98 Hmol L j1 (G0.1Y3.1 mg P L j1 ), values that exceed those found in soil solutions and streamwaters from these sites by 10-to 100-fold (C. Hunsaker, personal oral communication, September 1, 2009) . Potassium is the dominant cation in O horizon interflow at KREW, whereas K + and Ca 2+ concentrations are codominant on a molar basis in laboratory water extractions of O horizons and soils (Tables 2 and 3 ). We hypothesize that the differences between laboratory measurements of litter and runoff solutions from the field are due to throughfall inputs, which would be enriched in K + due to foliar leachate entering the field collections (Lovett and Lindberg, 1994) .
As of this time, we are unable to characterize the area from which O horizon interflow originates and thus are unable to express fluxes on an aerial basis. Despite this limitation, the patterns of flux expressed per collector are informative as to the potential role of O horizon interflow in causing nutrient hotspots (Fig. 8) . Phosphate, K + , Na + , and Cl j fluxes are highly correlated with those of water flux (r 2 values of 0.99, 0.92, and 0.86, respectively, all of which are statistically significant) (Fig. 8 the case for the resin-based collectors but not the extractions of either O horizons or soils. On the other hand, Ca 2+ rather than K + is the dominant base cation in the PRS probe collections (Table 5 ). (Potassium is not available for the capsules because it is extracted with KCl.) Thus, the degree to which the resin-based collectors capture O horizon interflow as opposed to absorption from contacted O horizon or soil material remains unclear. Tests are underway to help clarify the influence of these two factors on resin-based collectors.
DISCUSSION
Hypothesis 1 (soil nutrient hotspots occur at the KREW sites and are related to nutrient abundance) was supported in that soil nutrient hotspots occur at the KREW sites, but not supported with regard to abundance. At the KREW sites, hotspots occur with all nutrients, including the most abundant ones. This stands in contrast to the results of study in forested soils of the eastern Sierra Nevada where Ca stood out as the most abundant nutrient with the lowest frequency of hotspots (Johnson et al., 2010) . Reasons for the differences are not clear; it should be noted, however, that the previous study was post hoc, using data from studies designed for other purposes. There is a tendency for greater skew and more frequent outliers for waterextractable than for total analyses in both O horizons and soils, however, so that the ''strength'' of the extraction may well relate to the presence of hotspots for any given nutrient. The comparison between KCl and water-extractable nutrients is not as clear, aside from the extreme outlier-induced pattern for waterextractable nutrients in Plot 1.
Hypothesis 2 (O horizon interflow occurs at the KREW sites, is rich in nutrients, and could create nutrient hotspots in FIG. 5 . Bubble plots of the weighted sum of NH 4 Cl/KCl-and water-extractable nutrients for each grid point in soils and extractable nutrients in PRS probes and resin capsules. The weighted sum of nutrients is calculated as WSN = (~WN)/, where WSN = weighted sum of nutrients, FN = concentration of each individual nutrient, expressed as a fraction of maximum value for the plot, and n = total number of nutrients measured per plot. Black circles indicate extreme outliers; darker gray circles indicate moderate outliers. preferential flow paths) is supported by the results of this study. O horizon interflow does indeed occur, is often enriched in nutrients, and thus could create nutrient hotspots. We hypothesize that the multinutrient hotspot in mineral soil analyses in Plot 1 is in fact a preferential flow path for these O horizon solutions. If preferential infiltration of nutrient-rich O horizon interflow waters is in fact responsible for the hotspot in water-soluble nutrients in Plot 1, it clearly did not originate from the O horizon directly above it. This is as would be expected given the fact that these soils, like the soils in the eastern Sierra Nevada mountains, become extremely hydrophobic in summer and no doubt cause O horizon interflow solutions to flow over the surface of mineral soils until a preferential flow path is encountered.
As to the cause(s) of the observed hotspots, we found no evidence that the mineral N hotspots in the mineral soil were consistently related to total C, total N, or C:N ratio in soils, nor were they related to the concentrations or contents of N (total and mineral) in O horizons immediately above them. We did, however, find a fairly consistent negative correlation between O horizon mass and soil KCl-, NH 4 Cl-, and water-extractable nutrients. This somewhat surprising result could possibly be explained either by a hotspot for O horizon decomposition, leading to a hotspot for the release of nutrients to the soil below, or it could be a point that more easily facilitates the entry of nutrient-rich O horizon interflow solutions.
The almost complete lack of correlation between resinbased and O horizon and soil analyses may be a result of several factors. First, resin-based collectors provide integrated values for nutrient availably over prolonged periods (in this case, over the snow season), whereas core samples represent a snapshot, especially with regard to water-extractable concentrations. Second, it was not possible to exactly colocate resin collectors with cores or with each other, and thus it is possible that small hotspots were sampled with one type of collection but not another, even though the two may be located within 10 cm of one another. Third, resinbased collectors are very sensitive to nutrient fluxes to them via Schaf Skogley, 1982) , and the cores do not reflect this. Fourth, perhaps the cation-and anionexchanger characteristics of resins differed from those in soils such that the resins had different selectivities for individual nutrients than soil exchange sites did. One item of considerable interest is the extent to which resin-based measurements are influenced by O horizon interflow. Installation of O horizon interflow equipment causes a large footprint on sensitive plots, and collection of O horizon interflow samples using the current design is very time consuming; thus, using resin-based collectors to collect interflow would be very useful. From this data set, we can see that O horizon interflow differs in composition from that captured by the resins in that K + is the dominant cation in interflow and Ca 2+ is the dominant cation in the resins. Perhaps this is due to the greater retention of divalent cations than of monovalent cations on resins. Also, Ca 2+ and Mg 2+ are highly correlated in O horizon interflow (r 2 = 0.81, P G 0.01), as is the case for the capsules but not the PRS probes. Thus, the picture is not yet clear.
Several other studies of spatial variability in soils have found the semivariogram approach to be useful in evaluating the effects of vegetation or land use on systematic variabililty in soils (Halvorson et al., 1994; Mueller et al., 2008; Robertson et al., 1993; Rodríguez et al., 2011; Schlesinger et al., 1996) . In our case, there were no particular patterns in either land use or vegetation that suggested a particular pattern of soil variability, and we did not find the semivariogram approach to be informative.
The failure of semivariogram analyses to detect hotspot sizes greater than 0.67 m in most cases is not surprising, given the prevalence of outlier values. Basu et al. (1997) describe the problems with constructing variograms with ''anomalous'' values, using a data set on soil nutrient concentrations and another on global temperature to illustrate. They note that individual anomalous observations can have a dramatic effect on semivariograms because they are used many times in calculations. They describe procedures for identifying and removing such anomalous values using two data sets so as to be better able to construct useful variograms. In our case, however, the anomalous values are FIG. 7 . Box plots of concentrations in O horizon interflow in the field over winter 2008Y2009 (top), concentrations in laboratory leachates of O horizon (middle) and laboratory leachates of mineral soils (bottom). The horizontal middle line indicates the median; the lower and upper edges of the box indicate the 25% and 75% points, respectively; the whiskers indicate the main body of the data (not including outliers); shaded intervals are for comparing medians and defined by T1.58 (high hinge j low hinge) / n; circles indicate outliers, and stars indicate extreme outliers. See Site and Methods for definitions of outliers.
exactly the points of interest; they are considered quite real and valid, and thus there was no inclination to remove them to obtain better variograms. Bundt et al. (2001) definitively proved that preferential flow paths cause soil nutrient hotspots by using tracer dye and subsequent destructive sampling small plots with special care to separate identifiable preferential flow paths from the soil matrix. They found both chemical and microbial signatures of enhanced nutrient status in the preferential flow paths as compared with the soil matrix. We took the ''shot in the dark'' approach because destruction of our plots was not deemed desirable at this stage for a variety of reasons, and also because we wanted an unbiased test of the spatial soil nutrient patterns, which was lacking in the previous post hoc study (Johnson et al., 2010) .
Hotspots (or coldspots) of microbial activity may well cause hotspots (or coldspots) for some nutrients (perhaps most limiting nutrients) and not others (perhaps not limiting). Thus, hotspots we observed in these soils could have a variety of causes, including microbial activity, preferential flow paths, microtopography, and others. Studies are underway at present to assess microbial associations and to artificially truncate O horizon interflow to assess its possible importance in creating nutrient hotspots.
In summary, we found that nutrient hotspots, as evidenced by skew and statistical outliers, were present in O horizons and surface mineral soils in these Sierra Nevada sites. Hotspots were present for all measured nutrients regardless of abundance and seem to be more prevalent for weaker extractants than for stronger extractants or total analyses. In general, hotspots for the concentrations of individual nutrients were not correlated with one another, nor were they consistently related to soil organic matter. One exception to the above was a hotspot where nearly all waterextractable nutrients were maximum, and we hypothesize that this was due to the preferential infiltration of the nutrient-rich O horizon interflow, which was found to also occur at these sites.
